12 United States Patent
Liu

US010962460B2

US 10,962,460 B2
Mar. 30, 2021

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)

(22)

(86)

(87)

(65)

(1)

(52)

(58)

FREE FALL BALL PENETROMETER WITH
A BOOSTER

Applicant: Dalian University of Technology,
Dalian (CN)
Inventor: Jun Liu, Dalian (CN)

Assignee: Dalian University of Technology,
Liaoning (CN)

Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 199 days.

Appl. No.: 16/329,652

PCT Filed: Dec. 27, 2017

PCT No.: PCT/CN2017/119036

§ 371 (c)(1),

(2) Date: Feb. 28, 2019

PCT Pub. No.:. W02019/127110

PCT Pub. Date: Jul. 4, 2019

Prior Publication Data

US 2019/0346353 Al Nov. 14, 2019

Int. CI.

GOIN 11/12 (2006.01)

E2IB 45/00 (2006.01)

E02D 1/02 (2006.01)

U.S. CL

CPC ............... GOIN 11712 (2013.01); E02D 1/02

(2013.01); E21B 45/00 (2013.01)

Field of Classification Search
CPC e, GOIN 11/12; EO2D 1/02

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

4,800,155 A 2/1989 Sakai et al.
10,384,746 B2* 82019 Liu .......ccoovveerinnnnnns, B63B 21/26
2007/0125158 Al* 6/2007 Kelleher ................. E02D 1/022
73/84
(Continued)

FOREIGN PATENT DOCUMENTS

CN 1790017 A 6/2006
CN 201250400 Y 6/2009
(Continued)

Primary Examiner — Suman K Nath

(74) Attorney, Agent, or Firm — Muncy, Geissler, Olds &
Lowe, P.C.

(57) ABSTRACT

A free fall ball penetrometer with a booster 1s dynamically
penetrated mto the seabed through its kinetic and potential
energies. The main measuring mnstrument 1s a ball penetrom-
eter, which 1s subject to end bearing resistance, drag force,
and soil buovyant force during the dynamic penetration
process within the soil. Based on the measured data from the
accelerometer and load cell, the soil strength parameters
including the undrained shear strength and strain-rate
parameter can be back-analyzed. The added booster can: (1)
cllectively increase the penetration depth of the ball pen-
ctrometer and hence enlarge the range of measured penetra-
tion depths; and (2) improve the directional stability and
avoid the rotation of the ball penetrometer during the falling
process. The force data measured from the load cell, together
with the acceleration data from the accelerometer, can
further improve the measured accuracy.

6 Claims, 7 Drawing Sheets




US 10,962,460 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2017/0233968 Al 8/2017 Cai et al.

FOREIGN PATENT DOCUMENTS

CN 105147432 A 6/2013
CN 105258683 A 1/2016
CN 105571931 A 5/2016
CN 106192969 A 12/2016
CN 108152170 A 6/2018

* cited by examiner



US 10,962,460 B2

Sheet 1 of 7

Mar. 30, 2021

U.S. Patent

-
1
1

i

¥ L o

L

1‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.

3

L T

B T L R P A PN S \,.Nm_.q

R R

-

My K g A s FE g A P

‘.‘.i‘.

'

-
-
-
oy
.
-
.-..l.l..ﬂ.-ulull fmeas aBArm e .
t"H"-I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I..I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.'I..I..I.I.I..I.I.I..I.I.I..I.I.I..I‘I.I..I““*‘ﬁl

.m
’
’
’
’
’
’
’
’
’

i o
.1.'I-'.‘.
[
E ]

x F K r&

. ll.l ..I. r I‘.. -..Ih .-Il.l .-.Il. |Il.. .‘. .l ll‘. .‘. I‘ TI‘.. .‘Il l.ll. l‘. .l .-.II l‘.|1 -.I‘. ll.l.. ‘.II I‘.I. .-.I' l‘.l -.Il ll.l ‘.IA . H..- L) .-.1 - .-_1..- -..‘. .-..‘. r

-

-

|

lﬂ.ﬂ.‘ﬂ.‘lﬂ.‘lﬂ. T
e My S S, S e S S

i

M_ R L T R R R Y Bl R T R L T R R L e O B

e
- ||_...-.._....__r._

= - -
.]....I___-n.l...1...1..-1...1..-1..-1...1...1..-1...1...1...1...1...1..-1.11111111111111..11111..11111..11111..11111..1..1..1...1..-1:.1...1..-1...1...1..-1:.1...1..-1...1...1..-1...1...1..-1...1...1..-1...1...1..-1...1...1..-1..111111.11..111.11..11111..11111..11111..11111..111111- T
L

*““““““Z

r TH N. K H
Jroprogr e ogroge gr g grogr g grogie oo gie oo e o g g g g g g o g

u__..fu-.u__.i.l_.u-.
[ ]

Tl ata Tt AL
AR E R R K

. .
FTrTFrTFrrTrrTrrrTrrTrrrTrrTrrrrTrrrrTrrrTrrTrrrTrrTrrrTrTrTrrTrTrTFTTrTTYTTITrIETY
o wa rw wfew

I L PR

ey PO dr o ar ..13
o g g l.l.

FERF e L

LR oy S oyl g Sl gl g o iy g

T T T TTT T T T T T T T - T T T T T T T T T T T T T ™

R O L T R e L AT R P L e e

ra P ok 1. re v w1 rw w wra sw

Fig. 1(b)

Fig. 1(a)



[ 4
A
r
:
“‘ll‘.‘L l
y . g
n A
A ", "
: . :
A o 4
“ l...__.._.._ !_
I.ﬂ‘llllllll. llll. Ly F N F 5§ N F ¥y N F § N ¥ § N ¥ ¥ § ¥ ¥ N F ¥F N ¥ §F N F §F F F ¥ N ¥ ¥ F ¥ §F F F § F F ¥ F F ¥F F F N N F §F N F N N F ¥F F F §F N ¥ ¥ N F §F F ¥ ¥ F F §F F ¥ ¥ F ¥ §F § F ¥ F ¥ ¥ J -
d .l.l.F.I.|.1|.-.. . %u h‘-_
A .l_.ul..l.l.n . Faday s A rA g e g g g kw o owr orh - g g g g g e wd kmorh - h -k e g g g e ow r_.-..__-.-\.._
A wer 5 v :
A i - .U-q.m..uu ‘o RO AT G I Nt A A A N A L I T Al e AL S L G SRt B It Bt i * ._..u.“_n_q

4o
i mEmm s e m e’ L..Hl.”.”lwm.dl

US 10,962,460 B2

* ’ r
J "I ;_.-h..-...._...-..-_...-..-.hh.!..n..h..:.....a._-.r.._f-h.h..Fh..?!..__r..r.._n..._ﬂ.-.hhh.._n...n..!..__:..,..._r._-.._.,.._..}}Pff‘{{{‘k.kﬁ,
i L
[ | r
"= o ' ¢ [ B - - - W e R A = = R - - . +2. 24 rd rE Ly - . - - . R R AR EF -F R - - w wW. o . o dmde des .= -l -l -l l‘x
— . " _ i
A .-I-.q.-r....._.l.._.._-. . L, N L N
1- .._.Ll..\..lIL a
“ l.ll.....-ru-.._ LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL —a
A e
/ <
o
d i
“ .__._....____...
d ..._..._....___..
1".‘.‘3‘.“

Sheet 2 of 7

A

f,f@
Cf

Mar. 30, 2021

"-.,,
3
'3

frprsaaass
v

\

\

........... .......P.I.II
a
£ T
‘.1..-1. .1v“ .‘..-_q _
“__1 We o 1 Wy W pWaodw oW W oW Sw W W Ayt W, W g 1 Fed o F Farr F Faormsw F e Ao F O Fe TF T e Fe T T A .ul..—iih-hlhlh-hlhlh-.&1
FTFprsssssas ”r ) . . B iyt o el | b
n m_ d “.l.l.l‘ ................ ) -_ . ".-_H-.....V.“_..”Hu
- Nk ol gy ) f

“. .“. “_r‘“ “ I._...ﬁ_ .-..1.. Fr re e w e P W am Fm e w pw S T o i Ml T T B T gt hg b g g, g Rt vl oty ] vl A g g g gy, g W R, By bR B K {iv
e s . . s

[ e A - - . -

/ l.tll\.._..ri.!.. “ % o rw wl . -

- F
“ h‘*ﬁi.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l.l}\.‘
...‘.

“ ¥ e

/ -~

’ i

“ -7

’ l..w:l._.

La¥ ot a¥ 2

U.S. Patent

Fig. 2(¢)

Fig. 2(b)

Fig. 2(a)



US 10,962,460 B2

3
5.
2

Sheet 3 of 7
2
.
2
i

I.l..ll.\u.\ljl..-[.. llu .I_..-. - o ol ol o
’ I_..-......._.I " r .
[ ] I....l 1, L] l-..-\ .
.l-_. [} R I LR L R L Y R L R L R L Y L Y R L R L RSN L] - w L LA L R L L R L R L L L R R R R L R R R L R T L e w _.-._. "
-‘1..-....1. Tara. Ay LT T Tl ....._..-...w._. I R R Y I rFRSR R ERFRESF MR R RS A moE TR - - T ? o 1
“ ™ K
n
r ] ]

;

_l-. - l-l:..- T T FFrFrFFr T T F T FFTFTFTFTTATTET
.__‘H__...- nﬂaﬂﬂ.ﬂ .1.....;;..._..1..&...__..._......__.....__....__.-._..............___....._...u._..u...._....._....._..n._.__....

x'I—|I—|I—|I1I—|I1I—|I—|I—|I1I—|I—|I1I—|I—|I1I—|I—|I1I—|I—|I1I—|I—|I1I—|

.l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l.l..l..l. .l.
T T e o T e e A, A A, g a
- - -

.k
4
,..-.n-._. g m
-

i

- -
R i o
_?._ﬁ.
‘i

[]
*a...i m svmppa e A mrnrwa s m ......h___..__.ﬂ._..__. LRV I IR T I I N P T R R R R e R R R R L I e e
[} .
|
._Il. [} .-.-.._I._I._..I._l._l..l._l._l._l._I._I._l._l._l._l._I._I._I._l._l._l._l._l._l._I._I._l._l._l._l._I._I._I._I._l._l._l._l._l._I._I._I._l._l._l._I._I._I._I._I._l._l._l._l._I._I._I._l._l._l._l._l._l._l._l._l._l._l._l._l._l.ﬁ.._l._l. -
‘“1.__.1-._1._1I.1..__.1-._1._1 . - I I R R . T T T R L T R e BT T e L B i e T I N o _u._.
] ] I
" - E r.___.-..lu. l-....l
[ ] -~ LY i a'
'] e Il k. N » o P -~
_-. o ¥ E N EEN
_-. ‘ ' ;
q - 1 H ]
_" ']
1 _-.Hllf...
0 -' r “
v ’! -'
n - “.‘
Il
u
¢ — ook
N L]
r LR '
N
.ﬂ. " “ " 1 .1
- " :
R
_._.._1.......
a
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e . -
T
r
-‘Mtlllllﬂ#‘.&l_.i. K ‘.l..__h.. F. F. B, B, F & & B & N R TR S "L AF AF FE L FS Fu . B, F F & & & & N TR TH " AF Ay P Fua Fai F. . F ._-.
- * =

4
-.—..-._-....- ]

r Ty
&NIIII F©y,:, ¥, ¥ N¥ N N¥§ F¥ N N &2 - A -2 {2 ¥fE2R FER Fa2 FiI r¥r4Arf74i F-. Fr F§ NF§ & ¥y ¥y F¥y »Fy -2 2 FER FFrry - fr»y r»»ryrKrnrErrmEKk-mw€ -

ety
=l .

P T
WMWY WYY

L

U.S. Patent

Fig. 3(¢)

Fig. 3(b)

Fig. 3(a)



US 10,962,460 B2

g1 R

i ke ale mle ke ale mle abe ale |

b4 ¥

e 1 -

s

e A L2
= % A | Ry Y PR YT Y Y Y S SR VY Y Y o
f o 1 . ) oo oFoFoERRERARE S R o o ETEoOEE Y A DS BE A EO W AW ) L N B N NS N N SN AL W SN N N N N

LI | 1 '
L] jﬂl—é "N 4 FIT) I Qrarprar il OF gF B iy I O I O I O I I I INF B O B O I B I O B I I R R "y
] ! ..Il. Al s d s d s s s a FHEE TR & F OFSFS TR F TR - - s = = Fe =FrF SR TR - s = = Fe =8 FoT R TR - o= = H.L. Py Pt i i il ..-.I..F..-..l..-...-_l..-...-ul...-...-ul..-...-_l..-....-.l.l.....-.l.h-..l..-.hl..-.ﬂhl..-.ﬂ-.l.l..l..l.l..hl.l..hl.l..l.l.HM - u
\\_‘ Pl v A A A e Pa M R Pt " B W P P, e AL e VF " ' o A A AL e A i L R R e 7 BT ..._-u._._..m....__.u. s oF "t . . . M. e W P T " N P . wg A F
r [ 8 B L P L T e e e e e e T e e e e e e e e e e e e e e e e e e e e e -
.- - e “ fasrrr-r.» o # ¢ s rrirssrrr rgr = = llﬁm.|1|-_.|.1L_.-I1L5.|.-L1|.-L1|h|.1|..|.1|.L1|.L1|.L1|r.|1|ﬂ|.1|.-l1|.-.|.-|.1|.-|.1|h|.1|.._|.1|.|.1|.|.1 I ‘n.._
e, A i o
\1 %_. — .l.....— | ..F.I..l|i. .J.n.l

-

Wk Ay o
-,-.'tt"-.l.,q.,-‘

b
h.'\-
b
b
1
[
b

1
1
¥
1

il

I e e e B e e B e B dy

T T

Sheet 4 of 7
Fig. 4(b) (as an illustration 1n Abstract)

e -} —

-

v

- Ly
o - e oy

Mar. 30, 2021

., ra .,
w...................................... - .‘.r
- 4 FE " - o, - FJd FE ra - - F4d OS2 Fa - N - m d I.. r.. ... ..I. I|| ll.l -l.l .|.I |.I. l|| hlh ll.l I_l Lll .II. .rl—.. L] l—I.J. - o Ay LI - .‘-.__. -.-l. l._lr ._lr .ll.... 1\..& ‘..\. - .‘-.. .‘-..l li..‘. .l.‘.. i
-l F 3 o . o s ofad " F 3 o . ol a ofad " F 3 o, e ofa 2l F 3 F 3 o e ofm a" F 3 F 3 e Fm " F 3 F 3 o » [ g R g | F 3 [ h
lll.i

P i o ol St P o o P o il o o s ot PP L_-.._f

Fig. 4(a)

B e e s ™) L

¢
i
!

1r"r"r"r"r"r"r"r"r"r"r"r"r"‘
W W W W W W WY

Ty
1:
4_'
41
:
41

-

U.S. Patent



US 10,962,460 B2

Sheet 5 of 7

Mar. 30, 2021

U.S. Patent

o e e e i e e e e e e e e e e e

r
]
]
l-
.1.-ﬂ.1..1.-1..1..1.-1..ﬂ|.1.-1..1..1-1.|..1h- N " B
) li.l.t!.-l.._..-...l.l. I..l-.-.-.-.,.!.l..l..
.,
) et r
]
r

_]
adl

a

2

. ﬂ.r...

N

Lo o o o o o o o Rl R

[ W‘.t‘a‘.‘lllll.'l wr rd S o T A o “h s wr Tl m o 4 -
'

' r

e o ey oo e f o e rer o e ey o e e o e rer o e o ey e e ey L I
r Pyt
. ]

R N A R T A N e R N Y, -

Fig. 5(b)

d R T R N T e T it T o N N T R N e Lo
1.'..]H|.‘.ll ” 1_.. & -k Fa & & - 4 ks & F R I RO A 1k owa b A F rm adr o or o odr .*..I-lh *.&
. 1 ..-I-l}-_l:r ] F
a .1-_ .1.-.1._.-.1..-1...| - “
1 ¥ L, JE 1
[ ) -
+ ! A
] [ -
[ ] ] ..-__1.!
1 r I—‘l.lu.
+ F -..u-]l
] r
u F e e e
-__. r
. 4
.,.n._....__.__..._..._...__..._.......__..
‘ rFrrrrrrrr
"
r "
P "
P ‘"
r "
P »
P "
r "
P »
P "
r "
’ L
r .r..r..r..r..r..r.l_-
P

L ol

L

1
- . i

../.._ .
l’t‘-llj.i. . ___-.I -

- r

a4 F ¥ F K r -

T FF FAMT rF|;I r FSIfFEFrFrI1 ryr T wrr

™

Fig. 5(a)

L L

LI NN SR

14

1%'I'I'I'I'I'I'I'I'I'I'I
‘4

R

R e e T e



U.S. Patent Mar. 30, 2021 Sheet 6 of 7 US 10,962,460 B2

Fig. 6



U.S. Patent Mar. 30, 2021 Sheet 7 of 7 US 10,962,460 B2

Acceleration, g (m/s*)
150 100 50 0 "

Penetration depth ratio, 4720

Fig. 7

Velocity, v {m/s)

<
-4

b,
I

. o | e
et Lﬂ“l

Penetration depth ratio, 270

Fig. 8



US 10,962,460 B2

1

FREE FALL BALL PENETROMETER WITH
A BOOSTER

TECHNICAL FIELD

This mvention belongs to the field of ocean engineering
technology. The present invention relates to a free fall ball
penetrometer with a booster. The ball penetrometer 1s
dynamically penetrated into the seabed with the aid of the
booster, and the measured data are used to analyze the soil
strength parameters.

BACKGROUND

Offshore structures are indispensable 1n the exploitation
ol offshore space and resources. The long-term stabilities of
these structures are maintained by the interaction between
structures and seabed. Therefore, systematical geotechnical
ivestigations should be conducted thoroughly to determine
the soil parameters, which provide references for geotech-
nical design. Current methods used to determine the strength
and other related parameters of the clayey soil include cone
penetration test (CPT), vane shear test, T-bar penetration
test, Ball-bar penetration test, and free fall penetration (FFP)
test.

For the CPT, the cone penetrometer 1s statically pen-
ctrated 1nto the seabed with a constant velocity, during
which the soil characteristics are analyzed based on the
measured t1p resistance on the cone tip, frictional resistance
along the shaft and pore water pressure. For the CPT, the
measured data should usually be corrected by the following
steps:

(1) correct the pore water pressure;

(2) correct the so1l overburden stress; and

(3) select an appropriate end bearing capacity factor, Ni.

In deep sea investigations, the overburden stress 1s usually
high and will affect the penetration resistance aiter calibra-
tion. Moreover, based on the large deformation fimite ele-
ment (LDFE) analysis, Ma et al. indicated that the end
bearing capacity factor of the cone penetrometer increases
with increasing soil rigidity, which increases the difliculty in
interpreting CPT data.

Compared to CPT, T-bar and Ball-bar penetrometers are
tull-flow penetrometers and the corresponding measured
results are without necessary to calibrate the overburden
stress. The ball-bar penetrometer 1s a sphere, while the T-bar
penetrometer 1s a cylinder. Therefore, the T-bar penetrom-
cter 1s vulnerable to suffer higher bending moment 1n the soil
with space vanability, which aflfects the accuracy of the
measured data. A local full-tlow mechanism of soil 1s formed
around the T-bar or ball penetrometer during the penetration
process, and hence the corresponding end bearing capacity
tactor (N,) can be theoretically determined. By performing
plasticity limiting analysis, Randolph et al. indicated that:
tor ball penetrometer, the low bound and upper bound limaits
of N, are 10.98 and 11.80 when the soil-ball interface 1s
smooth (1.e. the frictional coethlicient at the ball-soil interface
¢=0); and the low bound and upper bound limits of N, are
15.10 and 15.54 when the soil-ball mterface 1s fully rough
(1.e. a=1). Zhou et al. carried out LDFE analyses to calculate
the end bearing capacity factor of the ball during its pen-
etration process 1n the soil, and the results showed that N,
1s 10.97 with ¢=0 and 1s 15.19 with a=1.

In the practice application of the ball penetrometer, a
connecting rod 1s connected between the ball penetrometer
and loading device. The theoretical analysis in Randolph et
al. 1gnored the eflect of connecting rod on the end bearing
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2

capacity factor. Chung et al. carried out field tests to inves-
tigate varied area ratio of rod to ball, A, (A=A, +/ A, Ay.s
1s the sectional area of connecting rod, A, 1s the projected
area of the ball penetrometer) on the measured resistance of
the ball penetrometer, and the results indicated that A,
should be less than 0.15 to avoid the effect of connecting rod
on measured soil resistance. Zhou et al. conducted numerical
simulation to analyze the value of A on the penetration
resistance on the ball penetrometer, and their results 1ndi-
cated that the eflect of connecting rod can be 1gnored with
A <0.1.

As mentioned above, a loading device 1s needed for CPT,
T-bar and ball penetration tests. In addition, to accommodate
the loading device, special geotechnical research or survey
vessels are required in the deep-sea field investigations.
While a FFP 1s dynamically penetrated within the seabed
alter free fall 1n the water column without any loading
device. Currently, two types of FFPs are typically used, the
free fall cone penetrometer and the free fall ball penetrom-
cter. During the dynamic penetration of a FFP 1n the seabed,
the so1l drag force, together with the soil strain-rate eflect,
should be taken into consideration. Steiner et al. carried out
field tests using the free fall cone penetrometer to measure
the soil strength. Their results indicated that the back-
analyzed undrained shear strength from the free fall cone
penetrometer after correcting the strain-rate effect and drag
force 1s consistent with that from the static CPT. Chow et al.
analyzed the measured data of the free fall cone penetrom-
cter by conducting centrifuge tests. The back-analyzed soil
undrained shear agreed well with that from the T-bar pen-
ctration tests, and the strain-rate parameter can be back-
analyzed based on the measured results. However, the forces
acting on the free fall cone penetrometer 1s complex. The
so1l strain-rate eflect at the cone tip 1s different with that
along the shait, and the latter one 1s usually higher than the
former one. In addition, the measured results of a free fall
cone penetrometer should also be calibrated like a static
CPT.

Morton et al. carried out both field and centrifuge free fall
ball penetration tests, 1n which the soil strength parameters,
including the soil undrained shear strength and strain-rate
parameter, could be determined based on the acceleration
data measured during the penetration of the ball within the
soil. In field and centrifuge tests, the ball diameters were
D=0.25 m and D=0.02 m, respectively. The artificial gravity
acceleration 1n the centrifuge tests was set as 12.5 g. The
final penetration depths were 10 D 1n field tests and 5.5 D 1n
centrifuge tests, respectively. The impact velocity of the free
tall ball penetrometer was relatively low, which was 8 m/s
based on the field testing data in Morton et al. Moreover, the
weight of the ball penetrometer was relatively low. Hence
the penetration depth of the ball penetrometer 1s relatively
shallow, and the measured depth 1s limited. In addition, the
free fall ball penetrometer would rotate during 1ts dynamic
penetration 1n the soil, which mfluences the measured
results. For the free fall ball penetrometer i field and
centrifuge tests, the soil strength parameters were back-
analyzed just based on the data of acceleration during the
free fall process 1n water and dynamic penetration process 1n
the soi1l. Chow et al. indicated that, for the {ree fall cone
penetrometer, the soil strength parameters back-analyzed
only based on the acceleration data 1s not reliable.

Generally, the static penetration tests (CPT, T-bar and ball
penetration tests) are conducted with the aid of a loading
device, which 1s limited 1n offshore investigations. Com-
pared with the static penetration test, the operation proce-
dures of a FFP are simple. However, the forces on the free
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tall cone penetrometer are rather complex. The final pen-
etration depth of a free fall ball penetrometer within the
seabed 1s limited due to the relative low impact velocity and
low mass, thus the measured depth 1s limited and the
measured results are not accurate.

SUMMARY OF TH.

INVENTION

(L]

To overcome the aforementioned technical limitations, a
free fall ball penetrometer with a booster 1s mvented as
shown 1 FIG. 1. The present free fall ball penetrometer
belongs to a freefall penetrometer, and the corresponding
penetration depth 1s governed by a booster as shown 1n FIG.
2. The booster 1s beneficial 1n increasing the measured depth
of the free fall penetrometer. Moreover, the booster can
avoid the ball penetrometer from rotating during the pen-
etration within the soil, and hence the measurement accuracy
1s improved. Attributed to the load cell added to the present
invention, the measured accuracy is further improved based
on the data both from the load cell and accelerometer.

The present invention relates to a free fall ball penetrom-
cter with a booster, comprising two parts:

The first part comprises a ball penetrometer 1 and a
connecting rod 2. The connecting rod 2 1s used to connect
the ball 1 and booster 3 as shown 1 FIG. 3. A pore water
pressure transducer 1a 1s instrumented in the equator of the
ball penetrometer 1 to measure the dissipation of the pore
water pressure after the dynamic penetration of the ball
penetrometer 1. A load cell 25 1s connected between the ball
penetrometer 1 and one side of the connecting rod 2 to
measure the penetration resistance during the dynamic pen-
etration of the ball penetrometer 1 within the soil. The other
side of the connecting rod 2 i1s connected to the booster 3
through threads 2a. The connecting rod forms a certain
distance between the ball penetrometer 1 and booster 3 1n
order to avoid the influence of booster 3 on the flow
mechanism of the soil around the ball penetrometer 1. The
sectional area of the connecting rod 2 1s determined based on
the criterion that the measured soil resistance on the ball
penetrometer 1 1s not influenced by the connecting rod 2.

The second part comprises a booster 3, as shown in FIG.
2, which 1s used to increase the penetration depth of the ball
penetrometer. The booster comprises a cylindrical shait 35
with ellipsoidal tip and streamlined rear to reduce the
resistance of booster during its free fall in water and
dynamic penetration in the soil. The length of the booster
shaft 36 can be adjusted based on practical measuring
requirement. For a deep penetration depth, a longer cylin-
drical shaft can be used. Four rear fins 34 connected to the
booster rear can improve the directional stability of the
booster 3 during its free fall process 1n water, and the fin size
can be adjusted based on the practical requirement. The tip
of booster 3 1s provided with internal threads 3a, which are
used to connect external threads 2a on the connecting rod 2.
An 1nternal space 1s reserved towards the rear of the booster
3. The mternal space 1s used to accommodate the acceler-
ometer 3¢, internal data acquisition card 3/, power supply
device 3e, and other associated controlling devices. The
accelerometer 3¢ 1s sealed 1n the internal space towards the
rear of the booster 3, and the wire of the accelerometer 1s
extended from the rear of booster 3 and 1s connected to the
external data acquisition instrument 4. An installation line
3/ and a retrieval line 3g are attached at the booster rear.
After measurement, the booster 3 and ball penetrometer are
retrieved by pulling the retrieval line 3¢ up, and the recorded
data are imported.
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The connecting rod 2 comprises single-shaft type one (see
FIG. 3a) and three-shaft type one (see FIG. 3b). The
three-shaft type connecting rod owns an improved ability of
resisting bending moment and disturbance.

The distance between ball penetrometer 1 and booster 3 1s
four times the diameter of the ball penetrometer 1.

The ratio of the sectional area (A, ;) of connecting rod
(2) to the projected area (A,) of ball penetrometer 1 should
be less than 0.1.

The data acquisition and storage can use both internal and
external data acquisition devices. I using external data
acquisition and storage method, the corresponding details
are shown 1n FIG. 4a), FIG. 4b), FIG. 5(a), and FIG. 5b).
The operation procedures using the present free fall ball
penetrometer with a booster are summarized as follows.

Step-1. The booster 3 and ball penetrometer 1 are con-
nected through threads. Note the gravitational center of the
ball penetrometer 1 must be 1n line with the central axis of
booster 3 to improve the directional stability of ball pen-
ctrometer 1 during 1ts free fall in water and dynamic
penetration 1n the soil, and to avoid large inclination of the
ball penetrometer, and hence to increase the impact velocity
and penetration depth of ball penetrometer 1. Then connect
the wires of all the transducers to the internal data acquisi-
tion card 3f or the external data acquisition instrument 4.

Step-2. Release the assembled free fall ball penetrometer
1 to the determined height above the seabed through the
installation line 3%, and release the retrieval line 3g to the
seabed surface. When the ball penetrometer 1s steady 1n
water, turn on the internal data acquisition card 3/ or the
external data acquisition nstrument 4, and prepare to start
collecting data.

Step-3. Release the installation line 3/, allowing the ball
penetrometer 1 to freely fall in the water column and
dynamically penetrate within the seabed until the ball pen-
ctrometer 1s rest in the soil. After the dynamic penetration,
the ball penetrometer 1 1s allowed to be left in the soil for a
pertod of time, during which the dissipation of the pore
water pressure in the soil surrounding the ball penetrometer
1 1s measured.

Step-4. After measurement, retrieve the penetrometer by
pulling the retrieval line 3g up. Then the recorded data from
the internal data acquisition card 3/ or external data acqui-
sition mstrument 4 are exported to the computer for analysis.

First, the velocity and penetration depth of the ball
penetrometer 1 are analyzed based on the recorded data from
the accelerometer 3¢. The velocity of the ball penetrometer
1 can be obtained by Eq. (1), and the penetration depth of the
ball penetrometer 1 can be obtained by Eq. (2).

v=[, adt

(1)

s =l vdt

(2)

where a 1s the vertical acceleration of the penetrometer
measured by accelerometer 3¢, v 1s the vertical velocity of
the penetrometer, s, 1s the vertical distance of the penetrom-
eter.

The so1l undrained shear strength can be back-analyzed
based on the measured data of load cell 26 and accelerom-
cter 3¢, and the specific procedures comprise:

The forces acting on the ball penetrometer 1 during its

dynamic penetration process within the seabed are depicted
in FIG. 6 and can be written 1n Eq. (3).

(m+mYa=Wo+ Il —Fa—Fn—1 (3)

where m 1s the mass of ball penetrometer 1, a 1s the
acceleration measured by accelerometer 3¢, W, 1s the sub-
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merge weight of ball penetrometer 1 1n water, F_ 1s the
measured force by load cell 25, F,, 1s the soil end bearing
resistance on ball penetrometer 1 during 1ts dynamic pen-
etration within the seabed, F, 1s the so1l drag force on ball
penetrometer 1 during 1ts dynamic penetration within the
seabed, F, 1s the soi1l buoyancy on ball penetrometer 1,
which 1s expressed as the product of displaced so1l volume
by ball penetrometer 1 and soil eflective unit weight (v').
Morton et al. suggested that during the acceleration (or
deceleration) of the ball penetrometer 1, the surrounding soil
around the ball moves and accelerates (or decelerates)
together with the ball. Hence 1t 1s necessary to consider the
added mass, m, which can be expressed 1n Eq. (4).

(4)

where C_ 1s the added mass coetlicient, which 1s usually

valued as C_=0.5, m__, 1s the displaced soi1l mass by the ball
penetrometer 1, which can be described 1n Eq. (5).

m'=C _m

v soil

(3)

where V, ., 1s the displaced soi1l volume by the ball pen-
etrometer 1, and p__,, 1s the density of the soil.

I1 the soil strain-rate effect during the dynamic penetration
of the ball penetrometer 1 within the soil 1s taken into
consideration, the soil end bearing resistance, F,, 1n Eq. (3)
can be expressed 1 Eq. (6).

Fx=RNs,A, (6)

where N_ 1s the end bearing capacity factor of the ball
penetrometer 1, s, 1s the measured soi1l undrained shear
strength under the reference shear strain-rate, A, 1s the
projected area of the ball penetrometer 1, R1s the strain-rate
tactor, which 1s expressed using the power law shown in Eq.

(7).

Meoil— ¥ baliPsoil

(7)
Ry =

) -
jfrgf - ?I‘Ef

where v is the shear strain-rate defined as the ratio of the
velocity, v, to the diameter, D, of the ball penetrometer 1, vy,
1s reference shear strain-rate, 3 1s the strain-rate parameter
usually ranging 0.034~0.14.

[1u et al. indicated the strain-rate factor, R of a free fall
cone penetrometer depends on the velocity, v, strain-rate
parameter, {3, non-Newtonian Reynolds number, R_ , and
frictional coeflicient, a based on numerical simulating
results. Moreover, the expression of the strain-rate factor R,
1s fitted based on numerical simulating results. Therefore,
the factor R, 1s expressed by Eq. (8).

R~=f,(vB.0LR,,)

The non-Newtonian Reynolds number, R
equation 1s expressed as Eq. (9).

(8)

in the above

eFi?

_ PsoitV” ()

Theretfore, the strain-rate factor, R, 1s expressed as:

Rf:ﬂu I?),Cl, psaff:Su) (10)

The end bearing capacity factor, N , of the ball penetrom-

cter 1 depends on the frictional coetlicient, o, and can be
described as Eq. (11).

N_=f(a)=4 +4,0+430°

(11)
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where A,~A; are undetermined parameters which can be
determined from numerical simulations. For example, Liu et
al. established the relationship between the end bearing
capacity factor and frictional coetlicient of the free fall cone
penetrometer based on numerical simulations.

The soi1l drag force during the penetration process of the
ball penetrometer 1 1 the soil shown 1 Eq. (3) can be

described by Eq. (12).

£ B:%Cﬂpsaifvz“ir (12)

where C,, 1s the drag coethlicient. Liu et al. indicated that the
drag coetlicient of a free fall cone penetrometer depends on
the frictional coeflicient o, and non-Newtonian Reynolds
number R_ ., and the expression of C, can be determined
from numerical simulating results. Therefore, the factor C,,
of the ball penetrometer can be expressed as Eq. (13).

CD){Z"; (ﬂﬂen):fﬁl(ﬂ:psaﬂ:”gu) (13)

Based on Eqgs. (3~13), the so1l undrained shear strength
back-analyzed based on the measured acceleration, a, and
force, F,_, 1s expressed by Eq. (14).

Wb + Fm - (H’l + Cmmmii)ﬂ - (14)

05f3 ({1’, LPsoifs Vs SH)ﬁSfovzﬂf — Fb
S =
AI‘ fZ(&r) .fi(va ﬁa {1:', ﬁ.ﬂﬂfh SH)

where the associated parameter 1n 1, 1, and 1; are deter-
mined from numerical simulations. In Eq. (14), W, and F,
can be calculated; F, and a are measured by load cell and
accelerometer, v 1s obtained by integrating the data of the
accelerometer, and 3, o, and s, are unknown parameters
which can be back-analyzed based on a least-squares regres-
sion scheme.

For typical clayey seabed, the soil undrained shear
strength increases linearly with depth. Hence s, can be
expressed as:

(15)

where s_, 1s the so1l undrained shear strength at the mudline,
7z 15 the distance from the soil surface, k 1s the soil strength
gradient. Based on the measured data from the accelerom-
cter and load cell during the dynamic penetration process of
the ball penetrometer, the soil strength parameters (s, k),
strain-rate parameter (), and frictional coeflicient (a) are
back-analyzed using Egs. (14~15).

FIG. 7 and FIG. 8 show the vanation of acceleration and
velocity with penetration depth. A series of acceleration (a,,
a,, ...,a ),and velocity (v,, v,, ..., v )data with difierent
depths are obtained from the measured data. Then the soil
strength parameters (s, ., k), strain-rate parameter (3), and
frictional coeflicient (o) are back-analyzed based on Eq.
(14) through a least squares regression scheme.

S, =S, o+kz

Advantages of the Present Invention

This invention relates to a free fall ball penetrometer with
a booster, which belongs to a free fall penetrometer. The
penetrometer 1s dynamically penetrated into the seabed
through its kinetic and potential energies without any addi-
tional loading device. Therefore, the operation procedures of
the present penetrometer are simple. The main measuring,
instrument 1s the ball penetrometer, which 1s primarily
subject to the end bearing resistance, drag force, and buoy-
ancy of the soil during the dynamic penetration process
within the seabed. The soil strength parameters, including
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the soil undrained shear strength and strain-rate parameter,
can be back-analyzed based on the measured data from the
accelerometer and load cell. With an added booster, the
penetrometer can obtain a deeper penetration depth within
the seabed, and thus enlarge the range of the measured
depth. Moreover, the booster can improve the directional
stability of the ball penetrometer and avoid the ball from
rotating 1n the soil. A load cell 1s added to the present
penetrometer, hence the measurement accuracy can be fur-
ther improved based on the data from both accelerometer
and load cell.

DESCRIPTION OF DRAWINGS

FIG. 1a Booster and ball penetrometer with single-shaft
type connecting rod and wireless data acquisition method.

FIG. 156 Booster and ball penetrometer with three-shaft
type connecting rod and wireless data acquisition method.

FI1G. 2a Booster structure with single-shatt type connect-
ing rod and wireless data acquisition method.

FIG. 2b Booster shaft and rear fins with single-shaft type
connecting rod and wireless data acquisition method.

FIG. 2¢ Booster structure with three-shaift type connecting,
rod and wireless data acquisition method.

FIG. 3a Details of ball penetrometer and connecting rod
with single-shaft type connecting rod.

FIG. 3b Details of ball penetrometer and connecting rod
with three-shaft type connecting rod.

FIG. 3¢ Diagram of cross section of the three-shait type
connecting rod.

FIG. 4a Booster and ball penetrometer with single-shaft
connecting rod and external data acquisition method.

FIG. 4b Booster and ball penetrometer with three-shaft
connecting rod and external data acquisition method.

FIG. 5a Details of booster with single-shait connecting
rod and external data acquisition method.

FIG. 5b6 Details of booster with three-shait connecting rod
and external data acquisition method.

FIG. 6 Forces acting on the ball penetrometer.

FI1G. 7 Acceleration during the dynamic penetration of the
penetrometer.

FIG. 8 Velocity during the dynamic penetration of the
penetrometer.

In the Figures: 1. Ball penetrometer; la. Pore water
pressure transducer; 2. Connecting rod; 2a. External threads;
2b. Load cell; 3. Booster; 3a. Internal threads; 35. Booster
shaft; 3c¢. Accelerometer; 3d. Rear fins of booster; 3e. Power
supply; 3/ Internal data acquisition card; 3g. Retrieval line;
3/. Installation line; 4. External data acquisition instrument.

DETAILED DESCRIPTION

The operation procedures using the present free fall ball
penetrometer with a booster are detailed shown as follows,
with reference to the drawing sand technical solutions.

Step-1. The booster 3 and ball penetrometer 1 are con-
nected through threads. Note the gravitational center of the
ball penetrometer 1 1s 1n line with the central axis of booster
3 to improve the directional stability and avoid large incli-
nation of the ball penetrometer 1 during 1ts free fall 1n water
and dynamic penetration in the soil, and hence to increase
the 1mpact velocity and penetration depth of the ball pen-
etrometer 1. Then connect the wires of all transducers to the
internal data acquisition card 3f or external data acquisition
instrument 4.

Step-2. Release the assembled penetrometer to the deter-
mined height above the seabed through the installation line
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3/, and release the retrieval line 3g to the seabed surface.
When the penetrometer 1s steady in water, turn on the
internal data acquisition card or the external data acquisition
instrument, and prepare to start collecting data.

Step-3. Release the installation line 3/, allowing the ball
penetrometer 1 to freely fall in the water column and
dynamically penetrate within the seabed until the ball pen-
ctrometer 1s rest in the soil. After the dynamic penetration,
the ball penetrometer 1 1s allowed to be left in the soil for a
period of time, during which the dissipation of the pore
water pressure in the soil around ball 1 1s measured.

Step-4. After measurement, retrieve the ball penetrometer
1 by pulling the retrieval line 3¢ up. Then the recorded data
from the internal data acquisition card 3/ or external data
acquisition instrument 4 are exported to a computer for
analysis.

First, the velocity and penetration depth of the ball
penetrometer 1 are analyzed based on the recorded data from
the accelerometer 3c. The velocity of the ball penetrometer
1 can be obtained by Eq. (1), and the penetration depth of the
ball penetrometer 1 can be obtained by Eq. (2).

v=[, adt

(1)

s =lo'vdt

(2)

where a 1s the vertical acceleration of the penetrometer
measured by accelerometer 3¢, v 1s the vertical velocity of
the penetrometer, s, 1s the vertical 1s placement of the
penetrometer.

The soi1l undrained shear strength can be back-analyzed
based on the measured data of load cell 26 and accelerom-
cter 2¢, and the specified procedures are listed as below.

The forces acting on the ball penetrometer 1 during the
dynamic penetration process within the seabed are depicted
in FIG. 6 and can be written 1n Eq. (3).

(m+mYa=Wo+ Il —Fa—Fn—1 (3)

where m 1s the mass of ball penetrometer 1, a 1s the
acceleration measured by accelerometer 3¢, W, 1s the sub-
merge weight of ball penetrometer 1 1n water, F_ 1s the
measured force by load cell 2b, F,; 1s the soil end bearing
resistance on ball penetrometer 1 during 1ts dynamic pen-
etration within the seabed, F,, 1s the soil drag force on ball
penetrometer 1 during 1ts dynamic penetration within the
seabed, F, 1s the soil buoyancy on ball penetrometer 1,
which 1s expressed as the product of displaced soil volume
by ball penetrometer 1 and soil eflective unit weight (v').
Morton et al. suggested that during the acceleration (or
deceleration) of the ball penetrometer 1, the surrounding soil
around the ball moves and accelerates (or decelerates)
together with the ball. Hence 1t 1s necessary to consider the
added mass, m, can be expressed 1 Eq. (4).

(4)

where C_ 1s the added mass coeflicient, which 1s usually
valued as C_=0.5, m__ , 1s the displaced so1l mass by the ball

SO

penetrometer 1, which can be described 1n Eq. (5).

m'=C m

v soil

(3)

where V, ., 1s the displaced soil volume by the ball pen-
ctrometer 1, and p__,; 1s the density of the soil.

I1 the so1il strain-rate eflect during the dynamic penetration
of the ball penetrometer 1 within the soil 1s taken into
consideration, the soil end bearing resistance, F,,, in Eq. (3)
can be expressed 1 Eq. (6).

Meoir— Vbaffpsaif

Fx=RNs,A, (6)
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where N_ 1s the end bearing capacity factor of the ball
penetrometer 1, s 1s the measured soil undrained shear
strength under the reference shear strain-rate, A, 1s the
projected area of the ball penetrometer 1, R -1s the strain-rate
tactor, which 1s expressed using the power law shown 1n Eq.

(7).

(7)

? ﬁ (V/D]ﬁ
Ry =]- = -
yi"ﬁ'f yf'ff

where v is the shear strain-rate defined as the ratio of the
velocity, v, to the diameter, D, of the ball penetrometer 1, \}Pef
1s reference shear strain-rate, 3 1s the strain-rate parameter
usually ranging 0.034~0.14.

[1u et al. indicated that the strain-rate factor, R of a free
tall cone penetrometer depends on the velocity, v, strain-rate
parameter, 3, non-Newtonian Reynolds number, R_ ., and
frictional coeflicient, «, based on numerical simulations.
Moreover, the expression of the strain-rate factor, R, can be
fitted based on numerical simulating results. Therefore, the
factor R -1s expressed by Eq. ().

R~=f,(vpB.0LR,,)

The non-Newtonian Reynolds number, R
equation can be expressed as Eq. (9).

(8)

in the above

eF1?

_ PsoitV” ()

Theretore, the strain-rate factor R.1s expressed as:

Rf:ﬁ (1”{* I?): U, Psoir Su) (10)

The end bearing capacity factor, N_, of the ball penetrometer
1 depends on the Irictional coeflicient, ¢, and can be

described as Eq. (11).
N_=f(a)=A4 +A4,0+4,07

(11)

where A,~A, are undetermined parameters which can be
determined from numerical simulations. For example, Liu et
al. established the relationship between the end bearing
capacity factor and frictional coeflicient of the free fall cone
penetrometer based on numerical simulations.

The soi1l drag force during the penetration process of the
ball penetrometer 1 i the soil shown i Eq. (3) can be
described by Eq. (12).

Fp=YCppsoiv° A,

(12)

where C 1s the drag coetlicient. Liu et al. indicated that the
drag coellicient of a free fall cone penetrometer depends on
the frictional coellicient, ¢, and non-Newtonian Reynolds
number, R_ ., and the expression of C,, can be determined
from numerical simulating results. Therefore, the factor C,,
can be expressed as Eq. (13).

Cof3(0R 0 )7 f3( 00 Psin V25,,) (13)

Based on Egs. (3~13), the soil undrained shear strength
back-analyzed based on the measured acceleration, a, and
force, F_, 1s expressed by Eq. (14).

Wb + Fm - (m + Cmmsoief)'ﬂ - (14)

05f£’! (ﬂ:’, Lsoils Vs Su)ﬁsoi.fvzﬂlr - Fb
Sy =
AI‘ fZ(ﬂf) 'fl(va ﬁa {1’, ﬁ&:ﬁfh SH)
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where the associated parameters 1n 1;, I, and 1; can be
determined from numerical simulations. In Eq. (14), W, and
F, are directly calculated, F_ and a are measured by load cell
and accelerometer, v 1s obtained by integrating the data of
the accelerometer, and o, 3, and s, are unknown parameters
which can be back-analyzed based on a least-squares regres-
sion scheme.

For typical clayey seabed, the soil undrained shear
strength increases linearly with depth. Hence s, can be
expressed as:

(15)

where s _ 1s the soil undrained shear strength at the mudline,
7 1s the distance from the soil surface, k 1s the soil strength
gradient. Based on the measured data from the accelerom-
eter and load cell during the dynamic penetration process of
the ball penetrometer, the soil strength parameters (s, ,, k),
strain-rate parameter (p), and frictional coeflicient (c) are
back-analyzed using Egs. (14~15).

FIG. 7 and FIG. 8 show the vanation of acceleration and
velocity with penetration depth. A series of acceleration (a,,
a, ...,a )and velocity (v,, v,, ..., v, ) data with different
depths are obtained from the measured data. Then the soil
strength parameters (s ., k), strain-rate parameter ({3), and
frictional coethicient (o) are back-analyzed based on Eq.
(14) through a least-squares regression scheme.

As shown 1n FIGS. (1a~3¢), the free 1all ball penetrometer
with a booster primarily comprises a ball penetrometer 1 and
booster 3. The ball penetrometer 1 and booster 3 are con-
nected by a connecting rod 2. The booster 3 comprises a
cylindrical shaft 35 with ellipsoidal tip and retracted rear to
reduce the drag force during the dynamic penetration pro-
cess. The booster rear 1s set with rear fins 34 to improve the
directional stability and reduce the inclination of the pen-
ctrometer during the falling process. The rear fins 3d are
fixed to the booster 3 by being inserted into the slots
reserved at the booster rear. The booster tip 1s provided with
internal threads 3a to connect the external threads 2a of the
connecting rod 2. If using wireless data acquisition and
storage method, the iternal space in the booster 3 1s
equipped with accelerometer 3¢, power supply 3e, and
internal data acquisition card 3f to collect associated data
during the falling process. The internal data acquisition card
3/, which 1s connected to the power supply 3e, 1s used to
record the data from the load cell, accelerometer, and pore
water pressure transducer. If using external data acquisition
and storage method, the wires of the load cell, accelerom-
cter, and pore water pressure transducer are connected to the
external data acquisition instrument 4. The length of the
booster 3 can be adjusted based on practical requirement. In
order to obtain a deep penetration depth, along and heavy
booster may be used. For a long fall distance in water, the
rear fins 3d of the booster should be enlarged to improve the
directional stability 1n water. While with a low {fall distance
in water, the rear fins 34 can be replaced with smaller ones
to reduce the water and soil resistance on the booster. One
side of the connecting rod 2 i1s used to connect the ball
penetrometer 1, and the other side of the connecting rod 2 1s
provided with external threads 2a to connect the booster 3.
The axes of booster 3, connecting rod 2 and ball penetrom-
cter 1 should be collinear to improve the directional stability
of the whole system and avoid large inclination during the
talling process. A load cell 25 between the ball penetrometer
1 and connecting rod 2 1s used to measure the resistance of
the ball penetrometer 1 during the dynamic penetration
within the soil. A pore water pressure transducer la 1s
configured 1n the equator of the ball penetrometer 1 to

S, =S o+kz




US 10,962,460 B2

11

measure the pore water pressure in the soil around the ball.
After measurement, the whole system 1s retrieved by pulling
the retrieval line 3g up.
I claim:
1. A free fall ball penetrometer with a booster, comprising:
a ball penetrometer and a connecting rod used to connect
the ball penetrometer and the booster; the ball pen-
ctrometer 1s equipped with a pore water pressure trans-
ducer sealed to an equator of the ball penetrometer to
measure dissipation of a pore water pressure alter a
dynamic penetration of the ball penetrometer; the ball
penetrometer and a first side of the connecting rod are
connected using a load cell, and the load cell 1s used to
measure a resistance of the ball penetrometer during the
dynamic penetration within a soil; a second side of the
connecting rod 1s connected to the booster through
threads; the connecting rod forms a certain distance
between the ball penetrometer and the booster 1n order
to avoid intluence of the booster on a flow mechanism
of the so1l around the ball penetrometer, and a sectional
area of the connecting rod 1s determined based on a
criterion that a measured soil resistance on the ball
penetrometer 1s not mfluenced by the connecting rod;
the booster 1s used to increase a penetration depth of the
ball penetrometer; the booster comprises a cylindrical
shaft with an ellipsoidal tip and a streamlined rear to
reduce a resistance on the booster during a free fall 1n
water and dynamic penetration within the soil; a length
of the cylindrical shait varies based on practical mea-
suring requirement; a rear of the cylindrical shait 1s set
with four rear fins to improve a directional stability of
the booster during the free fall, and sizes of the rear fins
are adjusted based on practical requirement; a tip of the
booster 1s provided with internal threads to connect
external threads on the connecting rod; a rear of the
booster 1s reserved an internal space to accommodate
an accelerometer, an internal data acquisition card, and
a power supply device; the accelerometer 1s sealed 1n
the internal space towards the rear of the booster; a wire
of the accelerometer 1s extended from the rear of the
booster and 1s connected to an external data acquisition
instrument; an installation line and a retrieval line are
attached to the rear of the booster; the booster and the
ball penetrometer are retrieved by pulling the retrieval
line up after measurement, and recorded data are
exported to a computer for analysis.
2. The free fall ball penetrometer with the booster of claim
1, wherein the connecting rod comprises a single-shait type
connecting rod and a three-shaft type connecting rod, and
the three-shatt type connecting rod owns an improved ability
of resisting bending moment and disturbance.
3. The free fall ball penetrometer with the booster of claim
1, a distance between the ball penetrometer and the booster
1s four times a diameter of the ball penetrometer.
4. The free fall ball penetrometer with the booster of claim
1, a ratio of a sectional area A, ; of the connecting rod to
a projected area A, of the ball penetrometer 1s less than 0.1.
5. The free fall ball penetrometer with the booster of claim
3, a ratio of a sectional area A, of the connecting rod to
a projected area A, of the ball penetrometer 1s less than 0.1.
6. An operation method using the free fall ball penetrom-
cter with the booster of claim 1, comprising:
step 1, screw the booster and the ball penetrometer
through threads; make sure that a gravitational center of
the ball penetrometer 1s 1n line with a central axis of the
booster in order to improve a directional stability of the
ball penetrometer during the free fall in water and the
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dynamic penetration in the soil, and to avoid large
inclination of the ball penetrometer, and hence to
increase an impact velocity and the penetration depth of
the ball penetrometer; connect wires of the accelerom-
cter, the pore water pressure transducer and the load
cell to the internal data acquisition card and the external
data acquisition nstrument;

step 2, release the ball penetrometer with the booster to a

determined height above a seabed through the instal-
lation line, and release the retrieval line to a seabed
surface; and turn on the mternal date acquisition card
and the external data acquisition instrument and pre-
pare to collect data when the ball penetrometer with the
booster 1s steady 1n water;

step 3, release the installation line, allowing the ball

penetrometer with the booster to freely fall in a water
column and dynamically penetrate within the seabed
until the ball penetrometer with the booster 1s rest in the
so1l; and after the dynamic penetration, the ball pen-
ctrometer with the booster 1s allowed to be left 1n the
so1l for a period of time, during which dissipation of the
pore water pressure in the soil surrounding the ball
penetrometer 1s measured;

step 4, retrieve the ball penetrometer with the booster by

pulling the retrieval line up after measurement, and
export recorded data from the internal data acquisition
card and the external data acquisition instrument for
analysis;

first, a velocity and a penetration depth of the ball

penetrometer are analyzed based on recorded data from
the accelerometer; and the velocity of the ball pen-
ctrometer 1s obtained by Eq. (1) and the penetration
depth of the ball penetrometer 1s obtained by Eq. (2):

v=[, adt (1)

s =lo'vdt (2)

where a 1s a vertical acceleration of the ball penetrometer

measured by the accelerometer, v 1s a vertical velocity
of the ball penetrometer, s, 1s a vertical displacement of
the ball penetrometer;

a so1l undrained shear strength 1s back-analyzed based on

recorded data from the load cell and the accelerometer,
and specific procedures comprise:

forces acting on the ball penetrometer during the dynamic

penetration within the seabed 1s written 1 Eq. (3):

where m 1s a mass of the ball penetrometer, a 1s a vertical

acceleration measured by the accelerometer, W, 1s a
submerge weight of the ball penetrometer in water, F_
1s a measured force by the load cell, F,; 1s a so1l end
bearing resistance on the ball penetrometer during the
dynamic penetration within the seabed, F  1s a so1l drag
force on the ball penetrometer during the dynamic
penetration within the seabed, F,, 1s a so1l buoyancy on
the ball penetrometer, which 1s expressed as a product
of a displaced so1l volume by the ball penetrometer and
a so1l eflective unit weight v'; and an added mass, m' 1s
expressed 1 Eq. (4):

m'=C _m (4)

mvsoif

where C_ 1s an added mass coeflicient, which 1s valued as

C_=0.5, m_ . 1s a displaced soil mass by the ball
penetrometer, which 1s described in Eq. (5):

Hleoil— Vbaffpsaif (5)
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where V,_,, 1s a displaced soil volume by the ball pen-
etrometer, and p__., 15 a density of the so1l;

when a soil strain-rate efifect 1s taken into consideration
during the dynamic penetration of the ball penetrom-
cter, the soil end bearing resistance, F,, in Eq. (3) 1s
expressed m Eq. (6):

Fy=RN.s,4, (6)

where N_ 1s an end bearing capacity factor of the ball
penetrometer, s, 1s a measured soil undrained shear
strength under a reference shear strain-rate, A, 1s a
projected area of the ball penetrometer, R, 1s a soil
strain-rate factor, which 1s expressed using a power law
expression shown i Eq. (7):

SN
d jirff j'lf‘ff

where v is a shear strain-rate defined as a ratio of the
vertical velocity, v, of the ball penetrometer to a diam-
eter, D, of the ball penetrometer, y,,-1s a reference shear

strain-rate,  1s a strain-rate parameter usually ranging
0.034~0.14;
the soil strain-rate factor R, 1s expressed by Eq. (3):

Rf:f‘l(uﬁ:ﬂ:}een) (8)

a non-Newtonian Reynolds number, R_ , in Eq. (8) 1s
described as Eq. (9):

. pmi!"f"z (9)

hence the soil strain-rate factor, R, 1s expressed as:

Rf:ﬂu I?),Cl, psaff:Su) (10)

the end bearing capacity factor of the ball penetrometer,

N, depends on a irictional coeflicient, ¢, and 1s
described as Eq. (11):

N_=f(0)=A4 +4,0+4,0°

(11)
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where A ,~A, are undetermined parameters which are
determined by numerical simulations;

the soi1l drag force of the ball penetrometer during 1ts
penetration within the soil 1n Eq. (3) 1s defined by Eq.

(12):

£ ﬂ:%cﬂpmfﬂ’zﬂr

(12)

where C,, 1s a drag coellicient;
the drag coetlicient of the ball penetrometer 1s expressed

as Eq. (13):
CD;% (E:L?Ren):f:*;(ﬂ?psaﬂ: HSH) (1 3)

based on Egs. (3~13), the measured so1l undrained shear
strength under the reference shear strain-rate back-
analyzed based on the vertical acceleration, a, and the
measured force, F_, 1s expressed by Eq. (14):

Wb + Fm - (H’I + Cmmscrhf)ﬂ - (14)

05f3 ("Ia LPsoils Vs SH)ﬁSﬂ'Hvz‘AI — Fb
S =
AI‘ fZ(af) 'fi(V, ﬁa {1’, p.ﬂﬂfh SH)

where associated parameters in t,, 1, and 1, are determined
from numerical simulations; in Eq. (14), W, and F, are
calculated, F_ and a are measured by the load cell and
the accelerometer, v 1s obtained by integrating mea-
sured data of the accelerometer, and o, p, and s, are
unknown parameters which are back-analyzed based
on a least-squares regression scheme;

for typical clayey seabed, the measured soil undrained
shear strength under the reference shear strain-rate
increases linearly with depth, hence s  1s expressed as:

(15)

where s_, 1s a so1l undrained shear strength at a mudline,
7z 1s a distance from a soil surface, k 1s a soil strength
gradient; based on measured data from the accelerom-
eter and the load cell during the dynamic penetration of
the ball penetrometer, soil strength parameters (s, ,, k),
the strain-rate parameter (), and the frictional coetli-
cient (o) are back-analyzed using Egs. (14~13).

s, =S, 0+kz
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